Abstract A short term field mesocosm experiment was performed in semi-deciduous forest areas of Ivory Coast to assess the impact of a decompacting (Hyperiodrilus africanus, Eudrilidae) and two compacting (Millsonia omodeoi and Dichogaster terraenigrae, Acanthodrilidae) earthworm species on soil properties. These species have been selected for their predominance in the region and their contrasting impact on soil structure. The experimental design consisted of a treatment without worms (control), and treatments with one, two or three species of earthworms. Both compacting and decompacting earthworms increased water infiltration rate in all treatments, with marked impact in H. africanus and M. omodeoi+D. terraenigrae treatments. Interactions between compacting and decompacting species resulted in more large aggregates in comparison to when the compacting species D. terraenigrae was alone. This may be accounted for by their compacting attribute as compacting earthworms are responsible for producing the highest number of large aggregates. The low values of mean weight diameter in treatments combining decompacting and compacting earthworms compared with compacting "M. omodeoi" one also confirmed the trend of decline in soil compaction in the presence of the decompacting species. These results showed positive impact of species richness on soil structure regulation, which is crucial in ecosystem productivity and support consequently the insurance hypothesis. In fact, this study showed that the preservation of earthworm species belonging to these two contrasting functional groups is essential for the maintenance of stable soil structure regulation in agro-tropical ecosystems [Current Zoology 58 (4): 556-565, 2012].
Earthworms play an important role as of soil "ecosystem engineers" to maintain soil fertility and in soil conservation. Through their activity they influence soil properties that determine its functional characteristics. Through their feeding, burrowing and casting habits earthworms enhance the incorporation of organic matter into soils and stimulate the formation of macroaggregates that impacts on soil structure as well as on the population of soil organisms (Guggenberger et al., 1996; Blanchart et al., 1997 , Bossuyt et al., 2005 Pérès et al., 2010; Briones et al., 2011) . Activity of earthworms has a such an impact on important regulatory functions like those associated with the soil water balance, regulation of biological population, nutrient cycling and soil organic carbon cycles that determine important ecosystem services like carbon sequestration and water supply and therefore the ability to sustain agricultural productivity (Derouard et al., 1997; Bronick and Lal, 2005; Ilstedt et al., 2007; Bhardwaj et al., 2011) . However, these roles may depend on (i) the type of ecological categories, namely epigeic, endogeic and anecic species (Bouché, 1977) ; and (ii) their functional attributes (e.g. compacting vs decompacting). Earthworms of different ecological groups prefer different habitats and feed on different food resources. Their effect on soil structure through the type and amounts of burrows created and type and amount of cast produced will depend on the group (Pérès et al., 2010) . Epigeic earthworm species such as Eisenia foetida (Lumbricidae), for instance, incorporate litter material into the mineral soil thereby making it available to all kinds of soil organism to enter the soil food web, and hereby increasing soil porosity (Monroy et al., 2011) . Anecic species mix plant fragments and mineral particles ingested during their burrowing through the soil and feeding on the surface and stimulates humification and the formation of stable organic-mineral compounds. Consequently, they increase soil macroporosity and enhance water infiltration. En-dogeic earthworm species primarily consume soil and associated humified organic matter in the upper layer of the mineral soil. However, their effect on soil physical properties depends on the organic matter content in soils and on cast types, because of the selective feeding on organic materials, low assimilation efficiency and depending on body size, (Blanchart et al., 2004; Jiménez and Decaëns, 2004) . The functional role of the various types of casts is believed to be of utmost importance and represent sites where certain pedological processes occur (Anderson, 1995) . Blanchart et al. (1997) were the first to hypothesize the existence of contrasting impact of tropical earthworms on physical soil properties. From their field mesocosm studies the concept of compacting species versus decompacting species emerged and this was considered to play a key role in the regulation of savannah soil structure. Compacting species produce large globular casts that are expected to compact the soil, whereas decompacting species produce fine granular cast that are expected decrease bulk density (Blanchart et al., 1992; Blanchart et al., 1997) . This finding was confirmed in a field study by Rossi (2003) in which a clear correlation was found between presence of compacting and decompacting species and high and low soil bulk densities was found.
The understanding of the extent to which species richness, functional attributes of the earthworm species and soil properties such as soil aggregate structure and soil organic matter (SOM) are related is crucial before the management of earthworm communities in the soil for sustainable agriculture production can be promoted. Apart from earlier studies on the effect on soils of contrasting functional groups of earthworms (decompacting vs compacting) in savannah ecosystems (e.g., Blanchart et al., 1992; Blanchart et al., 1997; Rossi, 2003) , very few investigations have dealt with the effect of species richness and composite earthworm communities on soil aggregation and hydrodynamic properties in soil ecosystems (Bossuyt et al., 2006; Ernst et al., 2009) .
The objective of this study was to investigate the impact of three endogeic earthworm species with different functional traits, alone or in associations, on soil aggregate size distribution, bulk density, resistance to penetration, water infiltration rate, soil organic carbon and total nitrogen storage. We hypothesized that the presence of several species with different functional traits is a prerequisite to improve soil physical properties and enhance SOM content in tropical soils, supporting the insurance hypothesis. The insurance hypothesis states that biodiversity insures ecosystems against functional decline because many species provide better guarantees that the system will keep functioning even if some species may be lost (Yachi and Loreau, 1999) . It is the same argument that more biological diverse systems are more resilient and sustainable because of functional redundancy (several species performing similar functions).
Materials and Methods

Site description
This study was conducted from September to November 2009 at Goulikao (Oumé), in the Centre-West Region of Ivory Coast (6°31'13"N and 5°28'59"W). The climate is a subequatorial type and characterized by four seasons: a long dry season from November to February; a long wet season from March to June, a short dry season from July to August and a short wet season from September to October. Annual rainfall for the study year was about 1354.6 mm. The average monthly temperature was about 26°C with low monthly variability of 1.6°C. Soils are Ferralsols (World Soil Reference, 2006) , with a sandy loam texture (Assié et al., 2008) and a pH of 6.5.
Earthworms species
Two earthworm species (Millsonia omodeoi and Dichogaster terraenigrae) belonging to the family Acanthodrilidae and one species (Hyperiodrilus africanus) belonging to the family Eudrilidae have been selected for (i) their predominance in the study area (Tondoh et al., 2007) , and (ii) their contrasting functional attributes (i.e. compacting vs decompacting species). M. omodeoi, endemic to this region, is a compacting species, which may be 15-20 cm long and weigh 5-6 g at the adult stage (Blanchart et al., 1999) . D. terraenigrae is a 16-22 cm long compacting species, which weigh 3-4 g at the adult stage. It produces globular casts in the agro-ecosystems of the study site (Tondoh et al., 2007) . H. africanus, a slightly pigmented decompacting species which may be 8-15 cm long and weigh up to 1 g fresh weight at the adult stage (Tondoh and Lavelle, 2005) widely distributed in West and Central African degraded forest areas.
Experimental design and earthworm survival
The experiment was established in September 2009 at the early stage of the short wet season in 10 plots of Chromolaena odorata fallow aged 1 or 2 year-old. The original plots have a field-size (0.5-1.5 ha) are located within a distance 500 m from each other within the set-tlement Petit Bouaké. Exclusively farmers from the savannah areas to the north have settled here seeking arable lands for cocoa farming. Breeding soil was collected from a 2 year-old C. odorata fallow particularly limiting in organic carbon and total nitrogen concentration of 14.8 and 1.1 g.kg -1 , respectively. Nutrients contents decrease rapidly from the soil surface to 20 cm depth. Furthermore, the low values of cation exchange capacity and exchangeable bases (Table 1) are indicative of its low fertility status. Height mesocosms were placed in each of the 10 C. odorata fallow plots. Each fallow plot is considered a replicate. Mesocosms is constituted of buckets (inner diameter 24 cm, height 25 cm), filled with 9 kg top soil (0-10 cm) hand-sorted to extract earthworms and other macrofauna, air-dried for 2 days, moistened to 20% and sieved using a 2 mm sieve to remove stones and larger plant residues and to obtain a homogenized medium. Finally, earthworms were inoculated in buckets according to the following eight treatments: (i) no earth-
Adults or subadults, which are able to produce cocoons and maintain populations during the study, were collected by hand from surrounding natural C. odorata-based fallows that were established after food crops such as Zea mays and Oryza sativa. They were inoculated three times respectively at 0, 30 and 60 days (Table 2 and 3) to compensate mortality that may occur during the short wet season because of shortage of rains. The total of earthworms added corresponds to an Table 2 Abundance of earthworms inoculated in the experimental Tondoh et al. (2007; in the study site. The experimental units were covered with a fine mesh to prevent predation or escape.
The bottom was perforated with holes to ensure sufficient drainage. The buckets were dug in and placed on a bed of stones. No plants were planted, but grass started to grow after a 3-month incubation period in the open air. The amount of water received is solely from rainfall, no additional water was added. All buckets were removed from the field after days, transported to the station and the 10 replicates were divided into 2 groups of 5 replicates. One group was only used to measure water infiltration, and the second group was used to measure penetration resistance, bulk density, aggregates size distribution, soil carbon and nitrogen pools. Furthermore, mesocosms of the second group were separated into a 0-10 and 10-20 cm soil layer. Thus the number of replicates is effectively reduced to 5. Afterwards, the soil from the second group was carefully hand-sorted to check earthworm presence. Remaining specimens of M. omodeoi, D. terraenigrae and H. africanus were collected, counted and weighted alive to assess their survival rate and fresh biomass.
Soil physical properties
Water infiltration capacity Water infiltration rate was measured using the single ring method (Anderson and Ingram, 1993) after removing leaf litter from the soil surface. A PVC cylinder (20 cm in diameter and 40 cm height) was driven vertically 10 cm into the soil of the buckets. The cylinder was filled up with water to 20 cm above soil level and water distance level to the cylinder top was recorded at 5, 10, 15, 20, 30, 40, 50, 60 and 75 min.
Bulk density Bulk density of the two soil layers was estimated using the same cylinder method as above. After getting the dry weight, soil bulk density (BD) was calculated as follows: BD = DW/V, where BD (g.cm -3 ), DW (g) and V is the cylinder volume (cm 3 ). Penetration resistance Soil compaction was measured using a cone pocket penetrometer type Yamanaka (Ø: 1mm-5mm). The cone was gently pressed horizontally into each soil layer removed from containers. Soil penetration resistance was expressed by embedding a piston on the opposite end of the penetrometer (Assié et al., 2008) . In each soil layer measurements were repeated ten times. Soil resistance to penetration was expressed as pressure (kPa) required for the penetration of the cone into the soil.
Aggregate size and mean weight diameter
Soil aggregate size distribution was determined using a dry-sieving method (Blanchart et al., 1997; Loranger-Merciris et al., 2008) . Practically, it consisted of sampling soil core (6 cm diameter, 10 cm height) in 0-10 cm and 10-20 cm layers, taking 200 g dried soil and separating aggregates of different sizes using a set of six sieves with different mesh sizes so that the aggregates are separated into seven different size classes: <50 µm, 50-100 µm, 100-200 µm, 200-500 µm, 500-1000 µm, 1000-2000 µm and >2000 µm. These classes were thereafter grouped into four groups: very fine (<50 µm), fine (50-500 µm), medium (500-2000 µm) and large (>2000 µm) (modified, Loranger- Merciris et al., 2008) .
The mean weight diameter (MWD) is well recognized and frequently used as an index to evaluate stable soil aggregates (Kemper and Rosenau, 1986; Jouquet et al., 2008; Paul et al., 2008) . This index calculation was expressed as described by Kemper and Rosenau (1986) x is the mean diameter of each size fraction, and w i is the proportional weight of the corresponding size fraction.
Carbon and nitrogen pools
Soil samples from each layer were collected using the soil core (6 cm diameter, 10 cm height) in both layers 0-10 cm and 10-20 cm. Living grass roots were removed from the samples as much as possible. The samples were dried at room temperature and softly hand-crushed before being sieved at 2 mm. Twentygrams were subsampled for soil organic carbon (SOC) and total N determination. Soil total N was extracted according to Nelson and Sommers (1980) and determined using Technicon autoanalyzer (Technicon Industrial Systems, 1977) . Carbon was determined using a modified Anne method (Nelson and Sommers, 1982) . Carbon and Nitrogen pools were calculated according to the following equation (Batjes, 1996) : ; TOC is the concentration of carbon in g C g -1 , p the soil bulk density in g cm -3 and d, the thickness of soil layer (i.e. 10 cm).
Soil carbon pool was further converted into Mg C ha -1 . The same calculation was applied for N pool.
Data analysis
The comparison of soil properties among treatments was done using an One-Way ANOVA followed with a post-hoc Fisher's LSD test for multiple mean comparisons. The relationship between MWD and soil compaction was analysed using a linear regression. All statistical tests were conducted using STATISTICA 7.0 (Statsoft, Tulsa, USA). Table 4 showed the abundance of recovered earthworms at the end of the experiment. Except M. omodeoi and D. terraenigrae treatments where individual survival rate was higher than 50%, the other treatments were concerned with low survival rates ranging between 24.6 and 49%. However, an increase in earthworm biomass was recorded in treatments for each recovered individual. The weight gains were ca 11, 13 and 9%, for M. omodeoi, D. terraenigrae and H. africanus, respectively. Fig. 1A shows the water infiltration rates over time. The shape of the curves is in general similar in all treatments with a steady decrease in the first 30 min after which the infiltration rates stabilize. However, all earthworm treatments showed significant increase in water infiltration (Fig. 1B, Table 5 ) relative to the control without earthworm. The H. africanus showed highest infiltration rates (+77%) significantly different from the other treatmenrs. M. omodeoi+D. terraenigrae (+46.1%), M. omodeoi (+32.9%) and D. terraenigrae (+28.9%) treatments (Fig. 1B) belong to the group of 
Results
Survival rate of earthworms
Soil water infiltration
Soil structure
Penetration resistance values were not significantly different across treatments for the 0-10 cm layer (Fig. 2 , Table 5 ). In contrast soil penetration resistance in 10-20 cm layer was significantly affected by earthworm presence (Fig. 2, Table 4 ). M. omodeoi and D. terraenigrae seem to have a compacting affect as both these treatments as their combination showed significant higher penetration resistance (+43.2%, +25.4% and +64% respectively) than the treatment with H. africanus. On the other hand, H. africanus (-47%) significantly decreased compaction. Also treatments that included H. africanus with any of the other species showed relatively low resistance scores (e.g M. omodeoi+D. terraenigrae+H. africanus: -34.9%). Earthworms had no significant influence on bulk density at both depths (Table 5 ). However, a decreasing trend appeared after earthworm inoculation in 0-10 cm layer, with the lowest value in the monospecific container of D. terraenigrae (0.65 ± 0.02 g cm -3
). In the 10-20 cm layer, the lowest bulk density value (0.69 ± 0.01 g cm -3
) was observed in H. africanus treatment. The analysis of aggregate size distribution revealed that only medium (500-2000 µm) and large (>2000 µm) aggregate percentages varied significantly in layers 0-10 and 10-20 cm (Table 6 ) across treatments. The magnitude of the increase was higher with M. omodeoi than D. terraenigrae, with large aggregate percentages 10 and 6 times the value of the control, respectively. Large aggregate proportions increased in all treatments where M. omodeoi was present in the 0-10 and 10-20 cm layers (90 and 93% for "M. omodeoi", 88 and 91% for "M. omodeoi+D. terraenigrae", 86 and 84% for "M. omodeoi+H. africanus" and 83 and 90% for "M. omodeoi+H. africanus+D. terraenigrae", respectively). In the presence of H. africanus, proportion of large aggregates (>2000 µm) decreased to the benefits of fines (200-500 µm) and especially medium (500-1000 µm) sized aggreagtes ( Fig. 3A and B) .
The pattern is confirmed by the results for the mean weight diameter (MWD) in both layers (Fig. 4A , Table  5 ). MDW values for the 10-20 cm layer were slightly higher than for the 0-10cm soil layer. Hence, in the presence of M. omodeoi especially MWD increased significantly (Fig. 4A ) relative to the control and H. africanus treatments. However intermediate values were obtained when all species were present. The MWD were the lowest in bucket without earthworms and highest with M. omodeoi alone (1.87 ± 0.45 in surface layer and 2.09 ± 0.49 in deeper layer).
A linear regression was found between MWD and penetration resistance (R 2 = 0.19, P = 0.0047, F = 9.03) though only limited percentage of the total variance was explained (Fig. 4B) .
Carbon and nitrogen pools
Earthworm inoculation had no significant impact on soil organic carbon and total nitrogen pools in 0-10 cm and 10-20 cm layers (Table 5 ). In addition, no clear trends emerged from both layers. In the first layer, C pools values fell in the range between 12.4±0.31 Mg ha -1 
Discussion
Earthworm impact on soil physical properties
The general low survival rate of earthworm populations was likely due to the extremely low rainfall during the rainy season. Similar low survival rate was yielded by Laossi et al. (2011) who found a number of recovered earthworms five times smaller than the number of earthworms initially introduced. Monthly rainfall in the months from September to November was the range of 57.8 and 90.9 mm, compared an average values of 112.1 and 180.9 mm over the last 10 years (SODEXAM data 1 ). Despite their decline in abundance, the weight gain observed in individual earthworms suggests that they were surviving and active. There does not seem to be much difference between the survival rates of the individual species, though for M. omodeoi it seems to be slightly higher than for the other two species. One would expect combining different species would provide some insurance against risk of loss of earthworm species resulting in overall higher survival rates, but this is not confirmed by the data for as yet.
Compacting and decompacting earthworms increased water infiltration rate in all treatments as compared with the control. This impact is significantly pronounced in the monospecific treatment with the decompacting earthworm and the one combining both compacting species. Both the compacting and decompactig earthworms do have a positive effect in the aggregated formation in the soil and hereby improving soil structure which seems to be reflected in improved infiltration rates. This is however in contrast with earlier findings in which the combination of two compacting species reduced infiltration rate consistently (Gilot et al., 1996; Blanchart et al., 1997; Derouard et al. 1997) . One would expect D. terraenigrae to induce increase in water infiltration. D. terraenigrae a compacting species known to live deeper in the soil and responsible for vertical, continuous and connected burrows recorded in soil profiles of the study site (Tondoh, unpublished data) , compared to M. omodeoi, a true endogeic species. However this effect is not likely to be observed in the mesocosms. Our findings seem to be confirmed by recent findings from a study in northern Vietnam where a compacting earthworm (Bottineli et al., 2010) was found to produce high amounts of casts and significantly improve soil structural porosity at the same time. Compacting species do not necessarily result in reduced infiltration rates.
Interactions between compacting and decompacting species resulted in more large aggregates in comparison to when the compacting species D. terraenigrae was alone. This may be accounted for by the fact that due to their compacting attribute, compacting earthworms are responsible for producing the highest number of large aggregates in the study site (Tondoh, unpublished data) . Cast forming as influence by the substrate quality may also be a better explanation of the observed effects. The two compacting earthworm species that are geophageous mesohumics, produced the highest number of globular casts while feeding on soil of low quality i.e. 1.48% of organic matter content (Table 1) . LorangerMerciris et al. (2008) also showed that cast produced by earthworms are strongly influenced by litter quality as the soil dwelling earthworm species Aporrectodea caliginosa (Lumbricidae) produced the highest number of compact casts while feeding on litter of low quality. Here again, the low values of resistance to penetration common to the decompacting species alone and its association with the compacting species, indicated the regulatory effect of decompacting earthworms on soil structure. Similar results were found recently in Australia, where earthworms were shown to bring initially loose and compacted soil to an intermediate mechanical state that is more favourable for structural stability and root growth (Barré et al., 2009 ). Our experiment revealed that soils exhibited high MWD when the compacting species were inoculated alone or in association. The results demonstrated as Blanchart et al. (1997; mentioned before, that the compacting earthworm confers an important stabilization to soil structure through the production of globular casts. The positive correlation between soil compaction and the MWD revealed in our study supported this assertion. The low values of MWD in treatments combining decompacting and compacting earthworms compared with compacting "M. omodeoi" one also confirmed the trend of decline in soil compaction in the presence of the decompacting species. The migration of earthworms in the 10-20 cm layer might that is probably caused by the relative dry weather conditions is likely to explain enhanced values of bulk density, penetration resistance, MWD and SOM storage in the sub-strata. On the other hand, the case of D. terraenigrae with low MWD in both strata and indicative of lower aggregate stability is worth mentioning. As suspected and confirmed by results on aggregate size distribution and MWD value, D. terraenigrae seems not to behave like a true compacting species. In contrast to M. omodeoi, a truely compacting earthworm, the activity of this species is likely to result in cast productions and burrow constructions with significant impact on soil functioning like the tropical anecic species Martiodrilus sp (Glossoscolecidae) from the Eastern Plains of Colombia (Jiménez and Decaëns, 2004) . We can therefore speculate that D. terraenigrae is an endo-anecic species. More field and laboratories studies are needed to confirm the physical functional attribute of this species.
Impact on soil organic matter storage
Earthworms did not significantly increase C and total N pools in soil, regardless of their functional attributes. We assume an effect of compact casts on (enhanced) mineralisation and loss of C, as was demonstrated in Pontoscolex corethrurus (Glossoscolecidae) compact cast in direct seeding mulch-based cropping systems in Madagascar (Coq et al., 2007) . This was however not confirmed by the findings, probably due to the short duration of the study and the unfavourable climatic conditions and already low C concentrations in the soil. Also we speculate that three months were not long enough to observe a pronounced impact of earthworms on C and N accumulation in the horizons. Also Martin (1991) shows that C mineralizes more rapidly in globular casts of M. omodeoi than in uningested soil during the first few weeks.
Effect of species richness on soil functioning: The insurance hypothesis?
It is believed that species richness has positive impact on soil structure regulation, which is crucial in ecosystem productivity and support consequently the insurance hypothesis (Yachi and Loreau, 1999) . In fact, the main indicators of soil degradation, namely soil compaction due to the presence of compacting earthworms and loosening provoked by decompacting species are balanced by the simultaneous presence of the two functional species. Similar pattern was observed for the aggregate size distributions and the aggregate stability. The increasing species richness has brought about the spatial co-occurrence of the two main functional groups (Rossi, 2003) , which in turn insure the agro-ecosystems against failure in soil structure regulation, an effect related to the balance of soil compaction, aggregate size distributions and aggregate stability.
